Age-related hearing loss is associated with cognitive decline and has been proposed as a 26 risk factor for dementia. However, the mechanisms that relate hearing loss to cognitive decline 27 remain elusive. Here, we propose that the impairment of the cochlear amplifier mechanism is 28 associated with structural brain changes and cognitive impairment. Ninety-six subjects aged over 29 65 years old (63 female and 33 male) were evaluated using brain magnetic resonance imaging, 30 neuropsychological and audiological assessments, including distortion product otoacoustic 31 emissions as a measure of the cochlear amplifier function. All the analyses were adjusted by age, 32 gender and education. The group with cochlear amplifier dysfunction showed greater brain atrophy 33 in the cingulate cortex and in the parahippocampus. In addition, the atrophy of the cingulate cortex 34 was associated with cognitive impairment in episodic and working memories and in language and 35 visuoconstructive abilities. We conclude that the neural abnormalities observed in presbycusis 36 subjects with cochlear amplifier dysfunction extend beyond core auditory network and are 37 associated with cognitive decline in multiple domains. These results suggest that a cochlear 38 amplifier dysfunction in presbycusis is an important mechanism relating hearing impairments to 39 brain atrophy in the extended network of effortful hearing. 40 41 hearing loss or presbycusis is characterized by bilateral progressive hearing 56 loss and impaired speech understanding, especially in noisy environments (Gates and Mills, 2005).
Introduction 0 to 8: "0" meaning that the subject had no detectable DPOAE in that ear, and consequently that 148 ear was classified as having cochlear amplifier dysfunction (see below), while "8" meaning that 149 the subject had detectable DPOAEs at all tested frequencies in that ear (normal cochlear amplifier 150 function); and "16" meaning that the subject had detectable DPOAE in all tested frequencies in 151 both ears. In contrast with a method that only measures the amplitude of DPOAE, the procedure of 152 counting the number of detectable DPOAE per ear allowed us to evaluate the cochlear amplifier 153 function in the whole sample (n=96), without eliminating subjects with no detectable DPOAEs 154 (and no measurable amplitude in dB SPL), which is common in elderly subjects. 155 156 Cognitive assessment reslicing to 1 mm 3 voxels). The function "recon-all" creates gross brain volume extents for larger- 195 scale regions (i.e., total number of voxels per region): total grey and white matter, subcortical grey 196 matter, brain mask volume, and estimated total intracranial volume. 197 Additionally, we measured the cortical thickness in native space using Freesurfer tools. We 198 calculated the cortical thickness of each mesh of vertices by measuring the distance between the 199 point on one surface and the closest conforming point on the opposite surface. Then we measured 200 the average of the two values calculated from each side to the other (Fischl and Dale, 2000) . Based 201 on the brain regions that have been previously studied in presbycusis (Lin et al., 2014b; Rigters et 202 al., 2017) our regions of interest were the bilateral frontal superior, temporal inferior, middle and 203 superior gyri, parahippocampus, hippocampus, and amygdala. We also included as regions of 204 interest, cortical areas that have been implicated in the neural networks of degraded speech SPSS software version 20.0 was used to perform statistical analysis of demographic data, 211 audiometric measurements, neuropsychological test results and structural MRI data. The
212
ANCOVA method was used to compare cognitive performances and volume and thickness 213 differences between the three tested groups including age, sex, and years of education as 214 covariables. Pearson correlations were performed according to the distribution of data.
216
We applied general linear models (GLM) to contrast the difference of correlations between 217 the studied groups using PTA as predictor for both volume and thickness. Age, education and sex 218 were adjusted as covariates. The results were corrected for the multiple comparison using a 219 significant alpha value of p = 0.01 (Hagler et al., 2006) . Regions with significant differences in 220 GLM models were selected based on the results of multiple corrections, and their corresponding 221 brain regions were represented using the scientific notation p values. The volume and thickness of 222 selected regions were calculated based on the spatially normalized images of each individual in 223 Talairach space (Fischl et al., 2002) . In addition, we performed partial correlations including age, 224 sex and education as confound regressors to associate cognitive tests with anterior and posterior 225 cingulate cortex volume and thickness.
227

Results
229
Demographics characteristics 230 The mean age of the recruited subjects (n=96, 63 female) was 73.6 ± 5.3 years (mean ± 231 standard deviation [SD]) with an average educational level of 9.5 ± 4.2 years of schooling (mean 232 ± SD). The audiometric hearing thresholds were normal in 32 subjects, while 44 and 20 individuals 233 were considered as mild and moderate presbycusis respectively. None of the 96 subjects used 234 hearing aids at the moment of recruitment. A summary of demographic data, including age, sex, 235 education, hearing level, smoking, and cardiovascular risk factors is presented in Table 1 . Figure 2 shows that the number of detectable DPAOE 246 significantly correlates with age and audiometric hearing thresholds, meaning that a lower number 247 of DPOAE is associated with more aged subjects and worse hearing thresholds.
249
Next, in addition to the classification based on the cochlear amplifier status, we used the Table 2 shows a summary of the audiological and cognitive performance of the three groups 259 (controls, PCF and CD) controlled by age, gender and years of education. There was a significant 260 difference in age between controls and the group of presbycusis with cochlear amplifier 261 dysfunction, while non-significant differences in age and education were found between the two 262 presbycusis groups (PCF and CD). At the cognitive level, the group with presbycusis and cochlear 263 amplifier dysfunction had worse executive function than the other groups.
265
Structural brain changes 266 267 Our next step was to evaluate whether structural brain changes were associated with 268 cochlear amplifier dysfunction. Hence, we compared the MRI volumes and thickness of cortical 269 and limbic brain regions in the three groups (controls, PCF and CD) using ANCOVA models 270 adjusted by age, sex and education. Structural volumes were normalized by the total estimated 271 intracranial volume. The ANCOVA models for brain volumes yielded significant differences 272 between the three groups in the precentral (F(2,89)=3.92, p=0.02) and postcentral gyri 273 (F(2,89)=3.92, p=0.02), parahippocampus (F(2,89)=4.55, p=0.01) and amygdala (F(2,89)=3.31, 274 p=0.04). Tukey post hoc tests showed significant differences between the CD and controls in the 275 volume of precentral and postcentral gyri and parahippocampus. The only significant difference in 276 brain volume between PCF and CD groups was obtained from parahippocampus (Table 3) . effectively select voxels that correlate with PTA when contrasting PCF and CD groups. The whole 290 brain analyses of volume and thickness related to cochlear amplifier dysfunction revealed 291 significant correlations between PTA and different brain regions (corrected by age, education and 292 sex, and using a level of significance = p <0.01) shown in red and blue colors in Figure 3 . These 293 associations were significant for large clusters of voxels in bilateral ACC and PCC. Cochlear 294 amplifier dysfunction was also associated with significant negative correlations between PTA and 295 volume and between PTA and thickness in scattered regions of the right superior temporal, right 296 postcentral and left precentral areas. We also found small clusters resulting from positive 297 correlation between PTA and volume in the right superior and middle frontal areas in the CD group 298 ( Figure 3A ). Figure 4 shows examples of the correlations between PTA and bilateral ACC 299 thickness in CD and PCF groups, illustrating that PTA was negatively correlated with the thickness 300 of bilateral ACC gyri only in the CD group. Pearson partial correlation analyses were performed between the bilateral volume and 305 thickness of ACC and PCC and cognitive performance in PCF and CD groups. Age, sex and 306 education were controlled as covariates (Table 4 ). Correlations between cognitive tests and 307 structural measures of ACC and PCC were different between CD and PCF groups. In CD patients, 308 there were significant correlations between episodic memory (total recall in the FCSRT), Cochlear amplifier dysfunction and brain structure 357 358 At the brain structural level, we compared the volume and cortical thickness of regions of 359 interest that were previously reported to be related to hearing loss, but we also included areas 360 beyond the temporal lobe, that have been involved in effortful hearing (Peelle 2016). Our results 361 confirm that hearing impairment was associated to right superior temporal volume decrease (Lin Our work shows that the atrophy of the ACC is associated with cognitive and emotional 378 deficits in presbycusis patients with cochlear amplifier dysfunction. The ACC is a key structure of 379 cognitive and emotional variables necessary for decision making and social behavior that has also 380 been implicated in pain, negative affect, and autonomic networks (Fornito et al., 2004; Shackman 381 et al., 2011) . Interestingly, we found that in the CD group, the reduction of the ACC volume was correlated not only with impairments in tests related to language processing (episodic and verbal 383 working memories and nomination), but also with non-language functions such as visuospatial 384 abilities and processing speed ( Table 4 ). The decrease in performance in non-auditory cognitive 385 domains could be explained by an increased listening effort in the group of CD patients, which 386 needs the recruitment of non-auditory brain areas, decreasing resources for other cognitive 387 functions (Peelle, 2018).
389
Another possible mechanism to explain the relation between episodic memory and semantic 390 impairment with ACC atrophy in presbycusis could be a functional disconnection between the 391 temporal lobe and the cingulate region (Warrington and Weiskrantz, 1982) , as the functional 392 connectivity between the cingulate and temporal areas has been correlated with memory 
401
At the emotional level, several functional neuroimaging studies have found hypoperfusion 402 of the ACC cortex in subjects with major depression (Fitzgerald et al., 2008) . Accordingly, we 403 found that the volume of the left ACC was correlated with depressive symptoms in the group with 404 cochlear amplifier dysfunction. However, it is important to highlight that our study only included 405 subjects with mild to moderate depressive symptoms that could be interpreted as "negative affect 406 or sadness" (Mayberg et al., 1999) .
408
In our study the volume and thickness of the right PCC was also significantly correlated 409 with visuospatial abilities in the CD group. This could be explained by role of the right PCC and 410 the right hippocampus in the cortical network associated with spatial abilities, including spatial 411 navigation and egocentric orientation (Burles et al., 2018; Hirono et al., 1998) , suggesting that 412 presbycusis could contribute to these spatial deficits.
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